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IR LASER EXCITATION IN MOLECULES:

CHAOS AND DIFFUSIVE ENERGY GROWTH

Jay R. Ackerhalt and Peter W. Milonni

Theoretical Division T-12
Mail Stop - J569
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Abstract

After a short review of a generic vibrational model of IR
multiple-photon excitation, we generalize the model to include rotations.
It is shown that the combination of chaotic dynamics and rotational
averaging leads to fluence-dependent absorption which removes the
sensitivity of the results to model-dependent parameters. The classical
rotacion-vibration dynamics observed in this model correlate very well with
one's quantum intuition based on a molecule’'s P, Q and R-branch structure
and on the red-shift of the vibrational absorption with excitation. The
inplication of these results for MPE experiments is discussed.
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Introduction
Infrared multiple-photon excitation (MPE) of polyatumic molecules was a
major area of research for roughly a decade beginning in 1971 with the work

of Isenor and Richardson.1 Their experiments showed that modest laser
povwers could easily dissociate a polyatomic molecule. The promise for the
future was bond-selective laser photochemistry and laser isotope separation.
As this research field grew over the next ten years, it became clear that
molecules were not as discriminating with respect to laser wavelength and
intensity as was first hoped. By the mid 1980's the field had been nearly
abandoned. A few diehards, like ourselves, refused to give up because a
solid theoretical explanation o the phenc znon had not yet been found. So
here we are today., still talking about MPE.

As the MPE era was winding down in the early eighties, we were aware of

the data collection efforts of Judd2. He had graphed experimental data on
roughly fifty different molecules, all on basically the same
fluence-dependent absorption curve, after scaling out the small-signal cross
section and excited population fraction. Based on this result we decided
that MPE must be a general consequence of the interaction of the laser with
the molecule, independent to a certain extent of an individual molecule's
idiosycrasies. Therefore we formulated a generic model of MPE incorporating

3
only the essential features of the phenomenon.

Vibrational Model

The Hamiltonian chosen to represent this vibrational model of MPE was

H=Aaa-x(aa)”+0 (ata’ ) + 2 (A+em) b mbm + z ﬁm (a b+h a)
m m

(1)

wvhere the terms in nrder of appeurance frem left to right represent the
anharmonic pump mode (two terms), laser-pump mode coupling, harmonic
background modes, and the puup mode-background mode coupling. This form of
the Hamiltonian assumes that the laser can be treated classically, the
rotating-wave approximation is valid, and the excitation number is
conserved. The parameters dascribing the process nre 4. the frequency
detuning of the laser from pump-mode resonance; x, the pump-mode

anharmonicity; 1, the Rabi frequency; e the frequency offsct of the mth

background mode from the pump mode; and Bm. the coupiing strength of the m'h

background mode with the pump mode. Several approximations were made tn
solving this model based on the general nature of the MPE process; the

background modes are equally spaced ((“ = AO + mn-l. where AO is the

frequency offset of the zero mode), the background-pump mode coupling is
constant (ﬂm=ﬁ). and since it takes roughly 30 to 40 photons to dissocinte

many of the larger molecules like SFG‘ he dynamics can be solved

classieally. In addition, the parameters were chosen to be consistent with



one’'s knowledge of molecules: A specified for Q-branch excitation, x = 2
-1

cm , 1 =.3 cm-1 consistent with roughly 10 MW/cm2 in SFS' p = ‘l/cm_1 ard 8

= .2 cm

Using the Hamiliunian (1), making the approximation that the number of
background modes is infinite ( an approximation sttified in the context of

radiationless transition theory by Bixon and Jortner ). eliminating the
background modes, and simplifying the equations using the Poisson summation

formulas. the dynamical eg2tions of inotion become

a(t) = - 1(A-x) a(t) + 2ix |a(t)|%a(t) - 10 - (/2) a(t) - + s(t)
(2a)
s(t) = e ¥ [s(t-rp) + a(t-1)] (2b)

where + = 2wﬂ2p is the Fermi Golden Rule rate, TR = 2rp Is the memory

recurrence time caused by having an equally-spaced background, and ¢ = (A +
AO) R In Figs. (1a) and (lb) we show the results of integrating Eqs. (2)

with a(0)=0 and ¢=n/2 for la(t)l2 and the total photons absourbed versus
time, respectively. The total absorbed photons have some initial
regularity, but after roughly STR begin an average linear growth whose slone

is dependent on the initial choice of ¢. In previous calculations for
similar parameter regimes the observed dynamics were shown to be chaotic by
computing the maximal Lyapunov exponent. In Fig. (2a) we show a Fast
Fourier Transform (FFT) of the dynamics shosn in Fig. (1la) (Note the
characteristic broadband spectrum of chaos.). In Fig. (2b) we show another
FFT of the same dynamics as shown in Fig. (1a), except the initial condition

has been slightly modified, a(O)r(.OSVE)ei"/q. The spectra shown in Figs.
(2) are very different considering the rather small change in initial
condition. This high degree of spectral sensitivity to initial conditions
is a nonrigorous but inexpensive measure of chaotic dynamics, as FFT
computations are much faster than the corresponding Lyapunov-exponent
calculations. Since the laser pulse envelope is square, the linea.
absorption of photons reflects a fluence-dependent absorption, consistent
with experimental trends. In fact we argued that the chaotic absnrption of
photons is the bond that links the fluence depenu2nce shown by so many
different molecules. However, the sensitivity of the slope to ¢ was an
unsettling feoture of this model.

It is interesting to point out that chnotic dynamics and an average
lincar energy growth in time have been observed in other systems. Casati et
al. found this same type of energy growth in the periodically kicked

pendu!um.6 Similar results were reported by Leopold and Percivel, who
cnnsidcrcd a classical model of o hydrogen atom in a sinusoidal eleciric

7
field. Further related work wus recently described by van Lecuwan et al.,,
who report excellent agreement between thelr classicnl computations and
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their experiments con the micros.ve ionization of hydrogen.8 This research
couplied with our own work on MPE illustrates the importance of chaos in
these driven systems.

In order to make a real comparison with experiment we decided to couple

Maxwell 's equations to the molecular medium.9 As interesting as the results
werc, we again found a strong sensitivity to ¢. Thus it became clear that

any treatment of MPE which had any hope of comparing directly with

experiment; must include the molecule’'s rotational structure.
.

Rotational Model

Including rotations at lowest order in a MPE model was previously done

by Galbraith, et al.lo In this case the pump mode was harmonic, and no
background modes were included in the model. Th2 resulting chaotic dynamics
occurred entirely from the (nonlinear) coupling of the rotatio.n of the
molecule with the laser. The rotational dynamics were contained in the
dipole coupling term which consisted of the laser in the lab frame and the
vibrational dipole moment in the molecular frame. In related work Jones and
Percival found that even for constan: rotational angular momentum the
additional time dependence in the dipole coupling term was sufficient to
give a fluence dependent -Usorption, which was not exhibited by their purely

vibrational model.11

Following the work of Galbraith, et al., we have included rotations in
this quasicontinuum model of MPC. The Hamiltonian (1) becomes

H=aa'a-x(@a)2+0aP, (axa’)+) (ave ) b' b +) B (a'bebla)
m m
(3)

where the laser-molecule coupling term has been modified to include the
direction cosine matrix of the molecule relative to the laser, oriented
along the 3-axis in the lab frame. Th: last term represents the rcotation of
the molecule about the 1- and 2-axes. This model is simplified in that the
nondegenerate pump mode, oriented along the 3-oxis in the molecular frame,
is treated as a diatomic molecule, so that it has no rotational angular

momentum along that direction. The value of BO is chosen as 0.1 t:m“1 in all

cases.,

The dynamical equations governing this system, making all the same
assumpt’ons as was done for Eqs. (2), are

a(t) = - 1(a=x) a(t) + 2ix Ja(t)[Za(t) - 10 Py(t) = (+/2) a(t) - 7 s(1)
(1)

s(1) = e 1 [s(tor) 4 a(tory)] (4b)



J1(6) = 0 Py(t) (alt)va' (1)) (4c)
Jo(t) = = 2 P (1) (a(t)+a'(1)) (4d)
Py(t) = - 2By Jy(c) Py(t) (4e)

Py(t) = 2B, Jy(t) Py(t) (4f)

P,(t) = - 2By (J,(0)P,(t) = Jo(t)P,(1)) (4g)

where for ease in comparing results from this model with the earlier
vibrational model, we have specified P3(O) =1, P2(O) = Pl(O) = J2(O) = 0.

Therefore, we recover the previous vibrational model for Jl(O) = 0 and have
a simple rotational model for Jl(O) # 0. From Eqs. (4) the absorbed
rotational and vibrational energy in the molecule are

t .
- 20 o P3(t') Re(a(t')) dt’ (5a)

Abs. Rot. Energy

Abs. Vib. Energy

t
- 20 J; Pa(t') Im(a{t’)) dt’ . (5b)

In Figs. (3a) and (3b) we show the square of the rotational angular
momentum and photons shsorbed per molecule vs. time, respectively, computed
using Eqs. (4) and (&) with JI(O) = 6. All other parameters have been

chosen the same as in Figs. (1). Two aspects of these figures should be
noteua: the regular region shown in Fig. {1b) in the early absorption regime
is absent in Fig. (3b), and the rotational absorption to some extent closely
parallels the vibrational absorption. We have confirmed that the dynamics
is chaotic usirg an FFT as described above. In Figs. (4) and (5) we show
the exact same dynamics as in Figs. (3), but for the P- and R-branches,

respectively, {.e., A = 3.2 c:m_1 and A = 0.8 cm-l. In comparing Figs. (3)
through (5) one immediately notices that the overall absorption is sensitive
to detuning. In addition, the R-branch rotational absorption curve very
closely paralleis the corresponding vibrutional absorption curve in both
shape and number of quantum changes. This is not completely surpristing,
since in the R-branch AJ=1, consistent with a one-to-one correspondence
between vibrational end rotational absorption of quanta. What is perhaps
surprising is that this calculation is completely classical.

In Figs. (3) and (4) one notices that the P-branch (4J=-1) curve for Jz
shows an initial decrease, a flat region and an increasing region. This s



again entirely consistent with our quantum intuition, since the
anharmonicity of the pump mode shifts the absorption feature to the red with
increasing vibraiional excitation making the rotational dynamics shift from
P- to Q- to R-branch absorption. Our quantum intuition also works well in
describing the Q-branch results shown in Fig. (3). In all the cases we
studied, the correspondence between rotational and vibrational quantum
changes was in very good agreement with our expectations from quantum
mechanics in both magnitude and direction.

Since the fluence~dependent chaotic absorption for cases where J1(0)>O

showed linear absorption over the entire time interval with no initial
regular period, as in Fig. (1), we began a study where the electric field
envelope was time-dependent. We chose two profiles to study: one a fairly
wide super-Gaussian and the other a moderately narrow Gaussian, both shown
in Figs. (6a) and (6b), respectively. The two pulses were chosen to have
the same fluence. In Figs. (7) and (8) we show the excitation using the
same parameters and format of Fig. (3), but with the excitation due to pulse
envelope formats represented by Figs. (6a) and (6b), respectively. A
comparison of these figures shows the very strong fluence (rather than
intensity) dependence of the absorption. We should mention, however, that
the overall absorption is still very sensitive to the exact value of ¢.

Completed Results and Conclusions

We concluded our calculations by performing a rotationally averaged
calculation of the molecular absorption. For simplicity we used a
temperature of 11.74 degrees Kelvin so that the peak of the Boltzmann
distribution was at J=6 and the largest J needed for the calculations was
J=20. The calculations were performed for various electric field envelopes,
values of ¢, and detunings. Our overall results showed only a very slight
dependence on ¢ and a strong fluence-dependent chaotic absorption for pulse
envelopes of compact support. ( We noted some anomalies when we used
full-windowed square pulse shapes which have an instantaneous turn-on and
~-off.)

The global implication of these calculations is that the strong (onsets
with the turn-on of the electric field) fluence-dependent absorption in IR
MPE is due to chaos originating in the interaction of the laser with the
rotating molecule's anharmonic pump mode and the intramolecular transfer of
energy to the remainder of the molecule. This fluence-dependent absorption
had previously been attributed to simply a large density of states in the
molecular quasicontinuum, justifying a rate-equation description of the MPE
process. It is interesting that this Hamiltonian system does not require ad

hoc homogencous broadening mechanisms in order to obtain incoherent rate
dynamics. The observable effect of this MPE chaos in experiments is a
Beer's law absorption of phntons, and as many of us already know, this typc
of absorption was a hallmark of the majority of MPE experiments performed
over the last decade. While this is certainly not definitive piroof that
chaos plays a fundamental role in MPE, it {s a completely consistent
interpretation of the experimental results.

We would like to acknowledge our previous collaboration with Harold
Galbraith.
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Figure Captions

a) Number of quanta in the pump mode vs. time (TR). b) Total quanta in

the molecule vs. time (TR). Parameters given in the text.

Logarithmic plot of FFT vs. frequency (cm_l). a) a(0)=0, b)
a(0)=(.05v2)el ™%,

a) J2 vs. time (TR). b) Total quanta in the molecule vs. time (TR).

Q-branch excitation (A=2.Ocm_1).
Same as Fig. (3). but with P-branch excitation (A=3.2cm_1).

Same as Fig. (3)., but with R-branch excitation (A=O.8cm_1).
Electric field pulse shapes vs. time (TR). a) Broad h!¢h order

super-Gaussian, b) narrow Gaussian.
Same as Fig. (3), but with pulse shape shown in Fig. (6a).
Same as Fig. (3)., but with pulse shape shown in Fig. (6b).
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